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There should be cogent reasons for wishing to replace
natural seed with somatic or synthetic seed, especially
in the Coniferophyta where orthodox seed that can sur-
vive in the desiccated state prevails. The nucleus of the
artificial seed is the somatic embryo, and the cost of
this type of seed will be related to efficiency of somatic
embryo production and viability of the somatic seed. At
present there are three major obstacles: the conversion
frequencies of mature, desiccated somatic embryos to
plantlets are low; responsive cell lines require cryostor-
age as they tend to lose their embryogenic potential
rapidly; and survival and germination of encapsulated
somatic embryos are low. Therefore, it is not anticipat-
ed that somatic seed will ever find use for on-site refor-
estation. Gymnosperms are outcrossing, and the most
common method of mass propagation is via clonal
seed-orchard production. In contrast to some species,
somatic seed in the conifer is not needed for developing
synthetic varieties or overcoming genetic barriers, such
as autotetraploidy, but rather for allowing clones to be
tested and then rapidly mass propagated, complement-
ing seed-orchard production and use of rooted cuttings.
Somatic seed remains a poor analogue of natural seed
in terms of viability, handling and storage. More basic
comparative biochemical and physiological research is
needed to understand the differences in response
between zygotic and somatic seed, so as to determine
whether or not the somatic embryo is behaving like a
recalcitrant seed and/or like an isolated zygotic embryo
in vitro.
The zygotic embryo forms part of a natural seed unit. A syn-
thetic seed (see Figure 1), on the other hand, is an artificial-
ly encapsulated somatic embryo (Redenbaugh 1993), but
the term has also been applied to somatic embryos that, after
maturation and desiccation, have undergone one or other
coating. Furthermore, the term also refers to naked somatic
embryos in the dry state (Redenbaugh et al. 1986). However,
the terms ‘synthetic’ and ‘artificial’ are probably inappropriate
in respect of naked somatic embryos. In the present review
somatic seed will be used to describe any somatic embryo
used as a propagule, whether encapsulated and/or coated,
employed in the dry state, or first germinated and then con-
tainerised for ex vitro acclimatisation. In some crops, such as
lucerne (alfalfa, Medicago sativa), and for some purposes
encapsulation is avoided, as the dry somatic embryos can be
used directly. In conifers, the practice is to germinate the
naked, mature and partially desiccated somatic embryos and
then to transfer the plantlets to suitable planting plugs for
subsequent handling in the greenhouse and nursery.
The potential application of somatic seed will vary by crop
but, as pointed out by Gray (1990), will almost certainly be
determined by the need for the genetic improvement as well
as the ability to produce uniformly mature somatic embryos
of that crop. Two examples of crops that are very heterozy-
gous and exhibit inbreeding depression and where the appli-
cation of somatic seed may have pronounced potential are
grape (Vitis vinifera) and lucerne. Grape has a relatively long
life cycle and a short juvenile phase, and individual geno-
types therefore have to be propagated asexually (Gray and
Compton 1993). In lucerne, there is the added complication
of its autotetraploidy, which prevents production of pure
breeding lines by cross pollination of relatives followed by
selfing, thus requiring large numbers of plants so as to
detect suitable segregates (McKersie and Bowley 1993). In
the case of lucerne, the anticipation is that somatic seed
could be a more cost-effective method than cuttings for the
production of commercial seed using a double-cross breed-
ing system (McKersie and Bowley 1993). Two of many other
crops in which synthetic seed may have a role are soybean
(Glycine max) and orchardgrass (Dactylis glomerata). In
soybean the production of hybrid seed appears unlikely
(Ranch 1993), even if male-sterility and restorer systems
were available, or even with the benefit of a chemical hybri-
dising agent. The soybean flower is cleistogamous and to
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maximise heterozygosity hybrid zygotic embryos would first
have to be produced after hand emasculation and cross-pol-
lination, followed by the initiation of somatic embryos.
Orchardgrass, on the other hand, is self-incompatible and
naturally outcrossing, and it is impossible to maintain the
genotype and phenotype of outstanding individuals. Gray et
al. (1993) proposed the use of synthetic seed for the propa-
gation of various stages of a breeding scheme in which a
polyploid would be resolved into its constituent parts. This
would include producing 2x derivatives from 4x parents, then
producing hybrids between the 2x derivatives, followed by
doubling the plants back to the 4x level so that they can be
used in double crosses and double-double crosses. In all
four the aforementioned crops well-developed somatic
embryo systems are to hand.
In some cases somatic embryos can be produced in crops
for which there is no apparent need to replace the natural or
true seed, e.g. rapeseed, sugar beet, and wheat. In other
cases, where such seed is neither formed nor able to be
utilised, or where methods of vegetative propagation may be
cumbersome, such as banana, cassava, sugarcane, and
sweet potato, it may not be possible to produce somatic
embryos efficiently.
In addition to very long life cycles and short juvenility peri-
ods, conifers are open-pollinated and heterozygous and, like
grape and lucerne, exhibit rather severe inbreeding depres-
sion. Therefore, unless planting stock can be propagated
asexually, seed cannot be relied on to multiply individual
genotypes. Manipulation of germplasm remains difficult and
presently still relies on maintenance of extensive seed
orchards where the focus is on controlled hybridisation. 
Asexual or Vegetative Propagation
The conifer tree breeder has a number of aims, which
include the provision of seedlings that are site-adapted,
maximising of volume production, and improvement of traits
associated with wood and pulp quality. Of equal importance
is the maintenance of a high level of genetic diversity in the
breeding population, a prerequisite for future advances in
forest tree breeding, which by nature and in comparison with
most other crop plants is very long-term. Gains achieved
through breeding are transmitted to the planting stock by
either generative or vegetative mass propagation.
Generative propagation, via seed produced from seed
orchards, is still the most common method of propagation
and reforestation. Clones are selected from the breeding
population and first propagated by grafting. The grafts are
Figure 1: Diagrammatic representation of a true (zygotic) seed (a) and various forms of somatic seeds (b–f) in the conifer. The zygotic embryo
(a) is embedded in a nutrient-rich megagametophyte that contains up to 80% of the seed's total reserves, as depicted by the relative distri-
bution of dots; (b) dry somatic embryo; (c) coated, dry somatic embryo; (d) naked somatic embryo; (e) embryo as in (d) but encapsulated in
a hydrogel, e.g. alginate; and (f), as in (e), but coated with a synthetic homopolymer. The somatic embryos in (c), (e) and (f) are synthetic in
the sense that they are artificially coated and/or encapsulated, whereas those in (b) and (d) are naked. Naked embryos, as in (d), having
undergone maturation and desiccation, are used as seed propagules in conifer plant regeneration. In some laboratories there is interest in
developing synthetic seed in the form of (e) and (f). Dots in (e) and (f) indicate a minimal addition of nutrient reserves, usually as sucrose, in
the encapsulation medium. The vertical bars in (a) and (d) represent 1mm. The bar in (d) applies also to (b), (c), (e), and (f)
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planted in orchards from which seed is harvested following
controlled crossing. Asexual propagation fixes the genotype
of the donor material in terms of a tested trait, and thus this
technique offers the most reliable means of utilising genetic
gain. Specific genotypes with traits identified in tree improve-
ment programmes as desirable can therefore be propagated
rapidly. The advantages of vegetative propagation in clonal
forestry include exploitation of non-additive genetic varia-
tion, achievement of both greater varietal (cultivar) homo-
geneity and flexibility, and partial compensation for the
scarcity of improved seed-orchard seed (Bentzer 1993).
Greater efficacy is also obtainable when individuals of full-
sib families are clonally multiplied and tested in field trials
under varying conditions. As pointed out by Högberg et al.
(1998), almost all the additive and non-additive genetic vari-
ation can be exploited in clonal forestry, whereas in a full-sib
family seedlings capture at most 50% of the additive and a
smaller percentage of the non-additive variation. Cloned
material, furthermore, is a prerequisite for studying pheno-
typic plasticity of individual genotypes.
There are three principal methods of vegetative propagation:
Macropropagation — In conifers, a successful programme of
asexual propagation is dependent on maintaining donor
material in the juvenile state. Propagation by rooted cuttings
of mature trees with proven quality characteristics has been
unsuccessful, especially with boreal species. The genus
Pinus is unique among conifers in that after a year or two,
leaves are produced in bundles or fascicles.
Morphologically, this fascicle of needles is a determinate
branch, but under some circumstances the apical meristem
within the fascicle can be reactivated, and induced to root
and grow into a new shoot with indeterminate growth. Where
it is possible to propagate conifers by the rooting of cuttings
or, in the genus Pinus, also by the rooting of these fascicles,
the subsequent maintenance of clonal germplasm in field
banks presents the normal problems associated with nurs-
ery management. These include labour costs related to
watering, fertilising, and spraying against pests. However, in
addition, donor plants also have to be repeatedly pruned or
hedged in order to maintain them in a sufficiently physiolog-
ically juvenile state to allow rooting and normal orthotropic
growth of the cuttings. The material must also continually be
indexed and evaluated to identify threatening diseases and
reversion to maturity.
Micropropagation — Micropropagation is a tissue culture-
based method of propagation that includes three approach-
es: (1) indirect organogenesis via callus and/or induced
adventitious buds, (2) direct organogenesis via existing axil-
lary buds, and (3) initiation and production of somatic
embryos. Since the mid-1980s (see Bornman 1987) very lit-
tle progress has been made on indirect organogenesis, even
using juvenile tissues, and as the work of Hohtola (1988) and
others has shown, micropropagation of mature conifers has
not succeeded. Häggman et al. (1996) have produced early-
flowering plants of Scots pine, but as starting material used
cotyledons excised from germinated embryos. Except in a
few cases, with Pinus radiata in New Zealand probably the
most notable exception (Aitken-Christie et al. 1988, Gleed
1993), micropropagation of conifers via axillary meristematic
tissues has not produced the desired results.
Somatic embryos — Conifer somatic embryogenesis was
first reported in Norway spruce (Picea abies) in 1985 by
Chalupa in the then Czechoslovakia and by Hakman et al. in
Sweden. This was four years after the founding of the
International Conifer Tissue Culture Work Group, at a time of
heightened interest in the rejuvenation and cloning of supe-
rior trees. Many forest biotechnology laboratories promptly
switched their focus from rooted cuttings and micropropaga-
tion to the initiation in vitro of somatic embryos, in the
process leaving a number of the earlier problems encoun-
tered with micropropagation unresolved. The new technolo-
gy was expected to find application in large-scale propaga-
tion of clonal material via somatic embryo-derived plantlets,
rejuvenation of plus trees, germplasm conservation, somat-
ic hybridisation and genetic transformation (see also
Tautorus et al. 1991). By 1993 the list of species in the
Pinaceae in which somatic embryos could be induced was
indeed substantial (Attree and Fowke 1993), although a sur-
vey of the conifer biotechnological literature over the past 15
years shows an overwhelming focus on the genus Picea.
Attree and Fowke (1995), in describing methods for somatic
embryo induction, development and maturation in respect of
white spruce (Picea glauca), black spruce (Picea mariana)
and Norway spruce (Picea abies), concluded that these
methods should be adaptable to a variety of coniferous
species. The list of the number of pine species amenable to
somatic embryo technology continues to grow, and recent
species in which somatic embryogenesis has been reported
include: P. elliottii (Liao and Amersham 1995), P. caribaea
(David et al. 1995), P. patula (Jones and Van Staden 1995),
P. sylvestris (Keinonen-Metälä et al. 1996, Lelu et al. 1999),
P. strobus (Klimaszewska and Smith 1997) and P. pinaster
(Lelu et al. 1999).
By the beginning of the 1990s doubts were beginning to
be expressed that forest biotechnology was not delivering
on the expectations raised in the early 1980s, especially as
far as rejuvenation and mass clonal micropropagation were
concerned. This prompted a question by Libby (1991) as to
whether forest biotechnology was fulfilling its promises.
Even today this question may have relevance for somatic
embryo technology generally and somatic seed technology
specifically. 
Clonal Versus Seed Propagation Systems
In the conifer, the greatest disadvantage of natural seed is
that genetic uniformity is not maintained, as each seed rep-
resents a separate genotype. Against this are the advan-
tages of low cost per plant, the relatively high-volume and
large-scale production of seed, and direct delivery to the
planting site. However, in the latter case, at least in the
Nordic countries, direct sowing of conifer seed has long
been of little importance in reforestation, and although natu-
ral regeneration is now becoming more common, especially
among private forest owners, the greatest number of
seedlings planted are containerised.
The greatest advantage of asexually propagated plants,
including those derived from somatic embryos, is that genetic
uniformity may be maintained. In the case of cuttings, disad-
vantages include the requirement of rooting prior to planting
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and a low multiplication rate that in part is determined by the
relatively large size of the cutting. The production of rooted
cuttings is a low-volume, small-scale method, with a high
per-plant cost. The major advantage of somatic embryo
plants is the potentially rapid rate of multiplication in vitro of
the embryos. However, as in the case of seedlings, somatic
embryo plantlets must also be delivered to the reforestation
site in containerised form. If there is little demand for direct
sowing of natural seed, it is not foreseen, especially given
the current level of development, that conifer somatic
embryos will be delivered direct to the sowing site in the form
of synthetic seed. Disadvantages of somatic seed include
the extremely high cost per propagule and, unless donor tis-
sue is cryostored, the possible loss of embryogenicity. Both
rooting of cuttings and initiation of somatic embryos require
juvenile donor material, but in the case of somatic embryo-
genesis the process is almost entirely dependent on the
zygotic embryo. Somatic embryogenesis, furthermore, can-
not be induced in all genotypes.
Vegetative Propagation and Conifer Reforestation
In terms of numbers, the contribution of vegetatively propa-
gated plants to global reforestation is infinitesimal. The USA,
Canada, Sweden, Finland and New Zealand produce
between 2.5 to 3.0 x 109 conifer seedlings for annual plant-
ing. The numbers for Sweden and Finland for 1999 were
300 and 115 million, respectively. World wide, about 60 mil-
lion conifer rooted cuttings are produced annually, but half of
this production occurs in Japan on Cryptomeria japonica
(sugi). In New Zealand about 100 million (mostly Pinus radi-
ata) and in South Africa about 45 million (mostly Pinus patu-
la) pine seedlings are planted each year. South Africa and
New Zealand, respectively, produce about 6 million and 10
million rooted pine cuttings per year. It is estimated that in
total about 10 million rooted cuttings of various coniferous
species, mostly spruce, are produced by Canada, Sweden,
Finland and Germany. In Sweden and Finland, rooted cut-
tings make up a fraction of the total number of trees planted.
In fact, in Sweden, where a grand total of 20 million have
been planted, the number of rooted Norway spruce cuttings
sold annually has actually declined from 3.3 million in 1983
to almost nothing in 2001. No cuttings of either Scots pine or
lodgepole pine (Pinus contorta) are sold in Sweden. Rooted
cuttings of pine are produced most effectively where labour
costs are relatively low, and in shade houses that require no
additional heating, as for example in South Africa.
Concerning somatic embryo-derived plants, data on num-
bers produced, tested and planted are scarce and based
mainly on hearsay. This is because much of the research on
conifer somatic embryos is carried out or sponsored by pri-
vate forestry companies, which are reluctant to share infor-
mation in peer-reviewed journals of their discoveries,
progress or costs. Thus, few data of substance are avail-
able. By 1997, a major forestry company in New Zealand
had an accumulated total — since 1987 — of no more than
40 000 somatic embryo-derived radiata plants. Based on a
mean of 4 000 somatic plants per annum, this is equivalent
to ca. 0.04% of this country’s annual planting requirement. A
company associated with the Forest Biotechnology Centre
in British Columbia, Canada, produced 300 000 interior
spruce (Picea glauca x P. engelmannii) somatic plants in
1998 (Grossnickle and Sutton 1999) from a target that had
been set for one million three years earlier (Grossnickle et
al. 1996). This corresponds to 3% of British Columbia’s
annual planting of interior spruce seedlings but to only
0.05% of Canada’s total number of conifers planted in 1997
(>600 million spruce, pine, Douglas fir and fir).
Comparative Negative and Positive Aspects of Conifer
Somatic Embryos 
Longer duration of plant establishment — Compared with a
seedling, it can take up to twice as long to raise a somatic
embryo plant to a similar stage of development. For example,
in Picea abies, pollination in Sweden occurs from May to
early June and the seed is mature by mid-October. It requires
about two months to germinate the seed and produce a
seedling with a 2cm epicotyl; thus a total of seven months
from pollination. To initiate somatic embryogenesis, an imma-
ture zygotic embryo is isolated and transferred to culture
medium from the end of July to mid-August. The subsequent
stages and their approximate duration (in months) are:
Induction of embryogenic tissue from the zygotic embryo
(3); proliferation of embryogenic tissue (1.5); pre-maturation
of embryogenic tissue (0.5); maturation of somatic embryos
(2.5); partial dehydration of somatic embryos (0.75); germi-
nation and production of a plantlet with a 2cm epicotyl (3–4);
thus, a total of about 12 months from pollination.
Genotype dependence and low frequencies of maturation
and germination — It is frequently difficult to produce somat-
ic embryos that are uniform in size, state of maturation and
germination capacity. Not all genotypes respond. Practice
has shown that the conversion frequencies of mature somat-
ic embryos to plants are low, of the order of about 25% for
spruce and 10% for pine. Therefore, numerous cell lines of
a representative sample of families have to be tested.
Högberg et al. (1998) achieved a conversion frequency of
28% from 38 cell lines representing three families of Norway
spruce. With low capacity of embryo to plant regeneration
there is also a risk of selecting cell lines for their ability to
regenerate at the expense of other quality characteristics,
for example, disease resistance.
Lower relative yield of somatic embryos per unit fresh
mass of embryogenic tissue — The mean fresh mass of a
mature zygotic embryo of Norway spruce is about 1.1mg.
Assuming a germination percentage of 95%, the number of
seedlings that can be produced from 1g fresh mass of zygot-
ic embryos is >850. Initiation of somatic embryos is greatly
dependent on family and cell line, with numbers per g fresh
weight of embryo-suspensor mass (ESM) varying from 0 to
about 500. Assuming a mean production of 250 embryos per
g ESM and a conversion frequency of 25% (see above), it
means that plant production from seed is about 15-fold more
efficient than from somatic embryos.
Cryostorage dependence — One of the disadvantages of
propagation by rooted cuttings is the progressive decline in
rooting ability with increasing age of the ortet. Another is the
progressive loss of juvenility of the donor material, enforcing
the practice of severe pruning or hedging. Some embryo-
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genic cell lines of Picea abies — and presumably other
conifer species — lose their embryogenic potential rapidly
(Högberg et al. 1998). This makes cryo-protection and stor-
age of embryogenic cell lines mandatory within a fixed peri-
od after initiation of the embryogenic tissue.
Dependence on zygotic tissue — Somatic embryogenesis
can still only be reproducibly induced from immature or ger-
minating zygotic embryos or, with greater difficulty, from
cotyledons and young shoots (Attree et al. 1990, Lelu and
Bornman 1990), thus offering no selective advantage over
seed. The technique will have met an important expectation
and achieve its greatest significance when it becomes pos-
sible to initiate embryos from the somatic tissue of mature,
and thus proven, trees.
Cost — In Sweden, the cost of Norway spruce seed is
SEK 5 000kg-1 (approximately 140 000 seeds) and the costs
of a seedling and a rooted cutting of comparable age (1.5 to
2.5 years) and phenotypic development are SEK 2.3 and
3.5, respectively. Based on laboratory equipment and run-
ning costs involved in embryo initiation, proliferation, cryos-
torage of embryogenic tissues, maintenance, maturation,
desiccation and hardening-off, but excluding encapsulation,
I estimate the cost of an acclimatised somatic embryo plant
to be 25 to 50 — and perhaps even 100 — times greater
than that of a cutting.
Lack of megagametophyte — In contrast to the zygotic
embryo, which is embedded in a megametophyte and
dependent on it for the release of nutrients during the late
stage of germination, the somatic embryo is naked. Unless
provided with an artificial ‘megagametophyte’, it is depend-
ent on its own reserves during both the stages of early and
late germination.
Germplasm conservation — Somatic seed in conifers is
not needed to overcome difficulties in developing synthetic
varieties, as is the case in some crop species where it is
used for cloning lines for integrating hybrid germplasm into
synthetic cultivars. Provided that it is possible to initiate
somatic embryos from the desired material, breeding popu-
lations of increased quality can be maintained in the juvenile
state by the cryopreservation of embryonal-suspensor
masses, while establishment and testing of field trial results
are awaited. At present, this is the most useful application of
somatic seed.
Rejuvenated stool beds — Somatic embryo plants that can
be derived from rejuvenated trees and which have been
selected and cloned for mature wood properties, as done
recently on radiata pine (DR Smith, New Zealand — person-
al communication), can be used as rejuvenated stool beds.
Cuttings taken from such stool beds are rooted for planting.
Screening for disease resistance — It is known that genet-
ic variation exists among clones in their resistance to patho-
genic fungi that may cause extensive economic losses in
stands of conifers. Examples of such pathogens are the
canker and stain fungus (Sphaeropsis sapinea) and pitch
canker (Fusarium subglutinans), to which Pinus radiata and
P. patula are particularly susceptible at the seedling and,
therefore, the nursery stage. Another is the root rot fungus
(Heterobasidion annosum) that causes severe damage to
Picea abies under natural forest conditions (Swedjemark et
al. 1997). Inherent genetic heterogeneity makes it difficult to
determine the genetic potential for resistance in a population
of trees and, since selfing causes inbreeding depression
(Skrøppa 1996), it is homogeneous clonal material that
offers the best prospect for determining the levels of resist-
ance to pathogenic fungi using molecular and physiological
methods. One such method may involve the use of embryo-
genic suspension cultures. Klimaszewska (1989) has shown
that Larix can be regenerated from protoplasts isolated from
such cultured tissue, and Kvaalen and Solheim (2000)
detected differences in resistance to H. annosum  and
Ceratocystis polonica among clones of Norway spruce in
cultured callus. It should therefore be possible to regenerate
cell lines that display these differences.
Root morphology — In contrast to cuttings with adventi-
tious root systems, somatic embryo plants have roots that
are morphologically, and presumably physiologically, similar
to those of seedlings. That the morphology of somatic
embryo plants appears to be no different from that of
seedlings was confirmed by comparison after one growing
season on a reforestation site in British Columbia, Canada
(Grossnickle and Sutton 1999). However, it still has to be
determined whether in the long term an adventitious root
system, such as is characteristic of rooted cuttings, has any
selective advantage or disadvantage over the tap root sys-
tem of seedling-derived plants. In the genera Larix and
Pseudotsuga, Moinet (2000) describes the mature, normal
tree’s root system as enracinement en cœur (heart-shaped)
and that of Abies and Pinus as enracinement pivotal (tap
root). It is known that species with an enracinement traçant
(spreading but shallow) root system, as in the case of Picea,
are highly susceptible to the gale force winds that blew down
180 million m3 trees in Europe in December 1999. Moinet
(2000) ranks conifers in the following order of increasing
resistance to winds of hurricane strength: Picea abies (least
resistant), Picea sitchensis, Pinus sylvestris, Abies spp,
Larix spp, Pseudotsuga menziesii and Pinus nigra (most
resistant). Perhaps then, formation of an adventitious root
system, which is a feature of all cuttings and micropropagat-
ed plants, should be avoided in large, single-species or sin-
gle-clone stands of conifers. Somatic embryo plants offer
this alternative.
Studies of embryogenesis — Characterisation of genes
that are expressed during embryogenesis can contribute to
a better understanding of developmental mechanisms in
plants. However, because the initial stages of embryogene-
sis occur within ovules and developing fruit or cones, and
where life cycles in the conifer are long, it may be difficult to
obtain sufficient zygotic embryos for studying genes that are
expressed early in development. Somatic embryos may cir-
cumvent this problem, as shown by Kiyosue et al. (1992)
who identified ECP31, an embryogenic cell protein from car-
rot, as a potential marker of embryogenic cells. From its
expression pattern it was postulated that this protein plays a
role in the induction and/or maintenance of embryogenicity.
Biochemical and Physiological Considerations
In contrast to the naked somatic embryo, the zygotic embryo
in the gymnosperm seed is embedded in a lipid- and protein-
rich megagametophyte, with lipid and protein reserves con-
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stituting up to 35% and 25%, respectively, of the seed’s dry
mass. The megagametophyte contains more than 80% of
the seed’s total nutrient reserves and more than 70% of tri-
acylglycerols (TAG), the major lipid component of Pinus
taeda (Stone and Gifford 1997, 1999). In the gymnosperm,
Welwitschia mirabilis, Butler et al. (1979) observed a 60%
decrease in total lipids within 5 days of the seed’s imbibition,
and found mobilisation of the megagametophyte’s food
reserves to be under control of the germinating zygotic
embryo. Lipids are the major energy source for the conifer
seed’s germination and the seedling’s early growth. The
breakdown of triacylglycerols, stored in lipid bodies, results
in the production of fatty acids via the β-oxidation pathway
and the subsequent synthesis via the glyoxalate cycle of
sugars that are taken up by the embryo (Stone and Gifford
1999). However, according to these authors an isolated
zygotic embryo cultured in vitro does not accumulate carbo-
hydrates to the same extent as the embryo in vivo. The
activity of two key enzymes of the glyoxalate cycle, isocitrate
lyase and malate synthase, is high in the megagametophyte
but was found by Mullen and Gifford (1995) to be extremely
low in the loblolly pine embryo. Rapid breakdown and export
of the megagametophyte’s products (amino acids, fatty
acids, sugars) occur during early seedling growth under the
influence of the zygotic embryo as the latter’s own reserves
become depleted.
Faure et al. (1997) put forward the hypothesis that a
somatic embryo probably behaves like a zygotic embryo cul-
tured in vitro and not as an embryo in situ. This begs the
question as to the exact nature of the differences in physio-
logical behaviour between the somatic embryo and its zygot-
ic counterpart. In orthodox seed, such as that of spruce and
pine, the embryo enters a resting phase during a late stage
in maturation that coincides with progressive dehydration,
resulting in the acquisition of desiccation tolerance. The
process of acquisition of desiccation tolerance is initiated by
abscisic acid.
The dehydrated resting phase is lacking in all convention-
al embryogenic culture systems (Gray and Compton 1993).
Unlike the zygotic embryos of the majority of orthodox seed
crop species, the conifer somatic embryo also lacks this
dehydrated resting or quiescent phase. It undergoes contin-
uous growth and if this growth is not arrested artificially, nor-
mal plants cannot be regenerated. This confers on the
conifer somatic embryo the aspect of a recalcitrant ‘seed’
(see Berjak and Pammenter (2001) for a discussion of seed
recalcitrance) and which has to be seen as a major obstacle
in the development of synthetic somatic seed. We still know
little about the biochemistry and physiology of the limiting
factors in somatic embryo development, except that induc-
tion of desiccation tolerance is essential if the somatic seed
is to be stored for any length of time.
Bornman et al. (2001) compared zygotic and somatic
embryos of Norway spruce in terms of lipid, protein and car-
bohydrate reserves. Lipid reserves made up more than 20%
of the dry mass of each of the megagametophyte and zygot-
ic embryo, but only 10% of that of the somatic embryo.
Somatic embryos of comparable dry mass contained less
lipid than the zygotic embryo, but not significantly so, and
about similar levels of soluble carbohydrates. Together, the
megagametophyte and zygotic embryo contained signifi-
cantly more protein than the somatic embryo.
Toward Somatic Seed
The concept of coating asexual seed artificially was first pro-
moted by Kitto and Janick (1985) working with carrot, and
greatly expanded by Redenbaugh et al. (1986) who tested a
variety of hydrogels as encapsulating agents on somatic
embryos of celery and lucerne. Florin et al. (1993), in an
overview of somatic embryo preservation, discussed
prospects and limitations relating to both cryostorage and
desiccation of somatic embryos, and concluded that for
most artificial seed applications the percentage of embryo-
forming plants was a critical parameter. McKersie and
Bowley (1993) stressed that to be truly functional, somatic
seed must mimic true seed in aspects of quiesence, storage
ability, vigour in the field, and uniformity of type. In addition,
to be commercially competitive, somatic seed should be rel-
atively inexpensive. Figure 1 is a diagrammatic representa-
tion of a natural seed and various forms of somatic seed.
Naked somatic seed — With regard to the different types
of somatic seed, conifer plants have been regenerated
almost exclusively from naked somatic seed (Figure 1d),
that is, somatic embryos that have undergone as uniform a
maturation and desiccation process as is experimentally
possible. Embryogenic tissue is induced from excised zygot-
ic embryos and, on appropriate culture media, proliferated in
the form of embryo-suspensor masses, in which somatic
pro-embryos are formed. Maturation of the pro-embryonic
tissue in the presence of abscisic acid results in somatic
embryos that appear to be the morphologic analogues of the
zygotic embryos from which they derive. The maturation
step is followed by controlled dehydration to ensure uniform
germination (Roberts et al. 1990a, b). Germination is carried
out in vitro and the germinated plantlets are individually
transferred to planting plugs of peat or other suitable sub-
strates in containers for acclimatisation in a greenhouse and
hardening-off in a nursery. The containers are delivered to
planting sites and the plants are planted by hand. Up to and
including germination in vitro, the techniques are confined to
the laboratory. The somatic seed is short-lived, conversion
frequencies are unacceptably low compared with natural
seed, and the seed can only be preserved over longer peri-
ods by cryostorage of the embryonic tissue.
Dry somatic seed — In contrast for example to lucerne,
conifer somatic embryos are not air-dried to final moisture
contents of 10 to 15%. However, even the dry somatic seed
of lucerne, which has no seed coat, may require some form
of coating or encapsulation to aid in control of the rate of
water uptake and facilitate mechanical handling or applica-
tion of seed treatments such as Rhizobium or fungicides
(McKersie and Bowley 1993). These authors also found that
as compared with natural seed, germination of dry lucerne
somatic embryos took twice to three times as long. After one
year of dry storage about 60% of the dried somatic seeds
could produce plants.
Coated (synthetic) somatic seed — Coating of desiccated
carrot somatic embryos was first demonstrated by Kitto and
Janick (1985) using Polyox, a polyethylene oxide homopoly-
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mer. Non-coated embryos did not survive and survival of
coated embryos was a meagre 3%.
Encapsulated and coated (synthetic) somatic seed — The
encapsulation (and/or coating) of somatic embryos in a
hydrogel. The hydrogel most commonly used is alginate, a
polysaccharide consisting of residues of L-guluronic and D-
mannuronic acids that derive from brown algae
(Phaeophyceae). Somatic embryos are first suspended in a
solution of Na-alginate and then dropped into one of CaCl2,
where a water-miscible, gel-like Ca-alginate complex forms
around the somatic propagule (Figure 1e). The resulting
conifer somatic seed has a diameter of ca. 5mm. The hydro-
gel has a number of functions. These include the preserva-
tion of viability and vigour, provision of a nutrient supply (car-
rot somatic embryos do not germinate in the absence of a
sugar source), mechanical protection, inclusion of conven-
tional anti-microbial or anti-fungal seed treatments, and pre-
vention of too rapid an uptake of water. However, unless the
embryos are uniformly mature, the encapsulating gel does
not prevent precocious germination; it also dries rapidly
when exposed to air, has a short storage life, and generally
results in disappointing embryo-to-plant conversion rates.
To examine the potential of synthetic seed, Sparg et al.
(2002) encapsulated somatic embryos of Pinus patula in a
2.2% Na-alginate gel and compared their performance with
similarly treated zygotic embryos. In contrast to zygotic
embryos, inclusion of activated charcoal was essential for
the germination of somatic embryos, as in the absence of
activated charcoal no germination occurred. This confirmed
the observation by Li (1993) that carrot synthetic seed,
encapsulated in alginate and coated with a semi-hydropho-
bic polymer, failed to germinate without activated charcoal.
Naked and encapsulated somatic embryos initially had more
or less similar germination percentages of about 80%, in
comparison with 85% of the encapsulated zygotic embryos.
However, germination percentages of the artificial seed
decreased sharply after storage for longer than 10 days. 
Conclusions
In spite of well-developed somatic embryo systems in the
conifer, a number of problems remain and there has been lit-
tle progress on the establishment of functional synthetic
seed. The conclusion by Li (1993) that synthetic seeds
remain poor analogues of true seeds in terms of handling,
storage and conversion remains valid. As the somatic seed
lacks a megagametophyte, more studies are needed on the
comparative biochemistry and physiology of the somatic
embryo vis-à-vis the isolated zygotic embryo cultured in vitro
and, as initiated by Sparg et al. (2002), especially on the lat-
ter’s behaviour in artificial encapsulation. Compared to the
orthodox natural seed of the conifer, the naked and encap-
sulated somatic counterpart has the characteristics of a
recalcitrant seed, and as such requires an appropriate
adjustment in handling technology to assure acceptable lev-
els of storage and survival. This aspect of recalcitrance
makes it difficult to recommend which form the somatic seed
should take, namely, naked and hydrated, encapsulated and
dehydrated, or vice versa. Much is known about the accu-
mulation of the kinds of protein reserves that contribute to
the somatic embryo’s developmental arrest and the preven-
tion of its precocity, but relatively little about the major stor-
age lipids. In lucerne, the triacylglycerol reserves amount to
about 11% of the seed’s dry mass (McKersie and Bowley
1993) while as much as 70% of triacylglycerols, the major
lipid reserve in loblolly pine seed, occurs in the megagame-
tophyte (Stone and Gifford 1999). This indicates that an arti-
ficial megagametophyte might have to mimic the natural
seed’s nutrient composition closely. 
The answer, then, to the question posed in the title is that
with the exceptions of cryostorage of germplasm and testing
of valuable clonal material, the somatic seed is not a viable
alternative to natural seed.
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